A very simple N-chlorosuccinimide-promoted synthesis of thiophosphates through the coupling of thiols and phosphonates is reported. Notably, the reactions were carried out in the absence of a base. Functional groups including fluoro, bromo and trifluoromethyl are all tolerated by the reaction conditions employed. Both aryl and alkyl thiols are coupled smoothly with a broad spectrum of phosphonates to afford the corresponding thiophosphates in good to excellent yields.
Introduction
Thiophosphates are important skeletons in biology 1 and organic synthesis, 2 as a result, the synthesis of thiophosphates has gained much attention. Timperley and coworkers reported the formation of thiophosphates through the coupling of the corresponding phosphorochloridates or phosphorobromidates with thiols in the presence of a base; however, the preparation of phosphorochloridates and phosphorobromidates is required [Scheme 1(a)]. A typical procedure for preparing phosphorochloridates and phosphorobromidates relied on reacting H-phosphonates with chlorine and bromine in an organic solvent, respectively. Chlorine and bromine are both toxic and difficult to control. 3 Kaboudin described a one-pot procedure by the treatment of diethyl phosphonate with ammonium acetate/sulfur/Al 2 O 3 followed by addition of alkyl halides to give thiophosphates; unfortunately, the substrate is limited to diethyl phosphonate, and only alkyl substituents are introduced to the sulfur atom in this system [Scheme 1 (b) ], moreover, microwave-heating is required in this approach. 4 Jensen et al. reported that thiophosphates can be synthesized through the coupling of sodium diethyl phosphonate with organic disulfides [Scheme 1 (c) ], 5 but again there are several limitations to using this approach. First, a strong base (i.e., NaH) is necessary to generate the sodium diethyl phosphonate. Notably, a strong base will generally reduce the functional group compatibility. Second, one equiv. of disulfide is required to produce the thiophosphate as the target molecule; however, one equiv. of sodium thiolate 6, 7 will be generated as a waste.
Recently, a copper-catalyzed coupling of dialkyl phosphonates with organic disulfides was reported by Zhao and coworkers [Scheme 1(d)]; 8 again several synthetic limitations have been observed by using this approach. First, the reaction is limited to dialkyl phosphonates. Second, no alkyl disulfides are involved in this system. Third, an additional base is required. In addition, thiophosphates have shown potential applications in chemical biology; and transition metals are generally Scheme 1 Preparation of thiophosphates.
product was formed in the absence of N-chlorosuccinimide (Table 1 , entry 5). We then studied the influence of solvent (Table 1 , entries 6-11) and found that MeCN was superior to THF, ether, dioxane, DMF and DMSO.
We examined the scope of the substrates based on the optimized reaction conditions above as demonstrated in Table 2 . Aryl thiols bearing electron-donating and electron-withdrawing groups reacted with a variety of phosphonates to give the corresponding thiophosphates in good to excellent yields. Notably, this system shows good functional group compatibility. Functional groups including fluoro (Table 2, entries 2 and 19),  bromo (Table 2, entries 3 and 7), trifluoromethyl (Table 2 , entries 9, 10, 16 and 17) are all tolerated by the reaction conditions. Sterically demanding substituted aryl thiols did not decrease the reactivity of the reactions, and afforded the products with satisfying yields (Table 2, entries 7, 8, 14 and 18) .
Based on the promising results for aryl thiols in Table 2 , we then turned our attention to the coupling reaction of alkyl thiols with phosphonates. The results are summarized in Table 3 . Alkyl thiols such as cyclohexanethiol (4a), 2-methylbutane-1-thiol (4b), hexanethiol (4c) and benzylthiol (4d) were coupled smoothly with phosphonates to give the corresponding thiophosphates in good to excellent yields.
Conclusions
In conclusion, we report a convenient protocol for the synthesis of thiophosphates through the N-chlorosuccinimidepromoted coupling of thiols with phosphates. Both aryl and alkyl thiols are coupled smoothly with a variety of phosphates to provide the corresponding thiophosphates in good to excellent yields in the absence of a base. Importantly, it is not necessary to functionalize the starting materials, and this onepot procedure can be completed within 30 min. Functional groups including fluoro, bromo and trifluoromethyl are all tolerated by the reaction conditions employed. Applications of N-chlorosuccinimide-promoted coupling reaction for carboncarbon and carbon-heteroatom bond formations are underway in our laboratory.
Experimental

General information
All chemicals were purchased from commercial suppliers and used without further purification. TLC analyses were performed on Merck DC-Alufolien with Kieselgel 60F-254, and were visualized with UV light. Purifications were performed by flash chromatography on silica gel 60 (Merck, 230-400 mesh ASTM). NMR spectra were recorded on a Varian Unity Inova-600 or a Varian Mercury-400 instrument using CDCl 3 as the solvent. Chemical shifts are reported in parts per million ( ppm) and referenced to the residual solvent resonance. Coupling constants ( J) are reported in hertz (Hz) . Standard abbreviations indicating multiplicity were used as follows: s = singlet, d = doublet, t = triplet, dd = double doublet, q = quartet, m = multiplet. IR spectra were measured using a Bruker Equinox 55 or Bruker Tensor 27 spectrophotometer. High resolution mass spectra (HRMS) were recorded on an electron ionization time-of-flight (EI-TOF) mass spectrometer at the National Chung Hsing University. Table 1 A Schlenk tube equipped with a magnetic stir bar was charged with N-chlorosuccinimide (0.15 g, 1.1 mmol), thiophenol 1a (1.0 mmol) and solvent (1.5 mL). After the mixture was stirred for 20 min, diphenylphosphonate 2a (1.0 mmol) was added by a syringe under a nitrogen-filled balloon. After being stirred for another 10 min at room temperature, the resulting solution was directly filtered through a pad of silica gel and then washed with ethyl acetate (20 mL) and concentrated to give the crude material which was then purified by column chromatography (SiO 2 , hexane) to afford 3a.
General procedure for
Representative example of Table 1 O,O,S-Triphenylphosphorothioate (entry 11, 3a). Following the general procedure for Table 1 , using thiophenol (0.103 mL, 1.0 mmol, 1.0 equiv.), N-chlorosuccinimide (0.15 g, 1.1 mmol, 1.1 equiv.), MeCN (1.5 mL) and diphenylphosphonate General procedure for Table 2 A Schlenk tube equipped with a magnetic stir bar was charged with N-chlorosuccinimide (0.15 g, 1.1 mmol), aryl thiol 1 (1.0 mmol) and MeCN (1.5 mL). After the mixture was stirred for 20 min, phosphonate 2 (1.0 mmol) was added by a syringe under a nitrogen-filled balloon. After being stirred for another 10 min at room temperature and diluted with ethyl acetate (20 mL), the resulting solution was directly filtered through a pad of silica gel and then washed with ethyl acetate (20 mL) and concentrated to give the crude material which was then purified by column chromatography (SiO 2 , hexane) to yield 3.
. Following the general procedure for Table 2 , using 4-methoxythiophenol (0.123 mL, 1.0 mmol) and diphenylphosphonate (0.192 mL, 1.0 mmol), and then purification by column chromatography (SiO 2 , hexane) provides 3b as a colorless oil (301 mg, 81% yield). 1 O,O-Diphenyl S-p-tolylphosphorothioate (3e). Following the general procedure for O,O-Dibutyl S-naphthalen-1-yl phosphorothioate (3i). Following the general procedure for Table 2 , using 4-methylbenzenethiol (0.124 mL, 1.0 mmol) and dibutylphosphonate (0.203 mL, 1.0 mmol), and then purification by column chromatography (SiO 2 , hexane) provides 3m as a colorless oil (262 mg, 83% yield). 236.0081.
General procedure for Table 3 A Schlenk tube equipped with a magnetic stir bar was charged with N-chlorosuccinimide (1.1 mmol), alkyl thiol 4 (1.0 mmol) and MeCN (1.5 mL). After the mixture was stirred for 20 min, phosphonate 2 (1.0 mmol) was added by a syringe under a nitrogen-filled balloon. After being stirred for another 10 min at room temperature and diluted with ethyl acetate (20 mL) the resulting solution was directly filtered through a pad of silica gel and then washed with ethyl acetate (20 mL) and concentrated to give the crude material which was then purified by column chromatography (SiO 2 , hexane) to yield 5. S-Cyclohexyl O,O-diphenylphosphorothioate (5a). Following the general procedure for Table 3 , using cyclohexanethiol (0.126 mL, 1.0 mmol) and diphenylphosphonate (0.192 mL, 1.0 mmol), and then purification by column chromatography (SiO 2 , hexane) provides 5a as a colorless oil (306 mg, 88% yield). 1 Table 3 , using 1-hexanethiol (0.145 mL, 1.0 mmol) and diphenylphosphonate (0.192 mL, 1.0 mmol), and then purification by column chromatography (SiO 2 , hexane) provides 5c as a colorless oil (261 mg, 75% yield).
